In this work, we investigated several titanates with lepidocrocite-type structures (general formula A x Ti 1−y M y O 4 with A=Na and M=Li or Mg), having potential utility as anode materials for sodium-ion batteries. First principles calculations were used to determine key battery metrics, including potential profiles, structural changes during sodiation, and sodium diffusion energy barriers for several compositions, and compared to experimental results. Site limitations were found to be critical determinants of the gravimetric capacities, which are also affected both by the stacking arrangement of the
Introduction
The development of next generation systems for grid-scale energy storage projects remains one of the biggest challenges for both the modernization of the electrical grid and the integration of renewable energy sources such as solar and wind power. One main obstacle for the commercialization of such a technology is the strict cost requirement, with long term goals having to meet the benchmark set by DOE of less than $250/kWh. [1] [2] [3] The current set of commercial battery technologies, led by high power lithium-ion batteries (LIBs), are not well suited for many of the grid storage applications, such as load leveling. This makes it an imperative to develop a broader portfolio of battery chemistries that can address the needs and scale of each application at an acceptable cost. One of the most attractive options are sodium-ion batteries (NIBs), which in addition to featuring cheap and abundant raw material inputs, offer several synergistic benefits. Among these are the ability to replace the strategic metal Cu with Al as a current collector on the negative electrode side, and the fact that sodium salt solutions are generally more conductive than the lithium analogs, 4 which has important implications for the design of cells. Another advantage of NIBs arises due to the similarity between the manufacturing and processing techniques used for LIBs, requiring less engineering development for large-scale production of such batteries compared to other types of "'Beyond-Lithium-Ion"' batteries under consideration.
Currently, among the biggest drawbacks of NIBs is the lack of a suitable negative elec-3 trode. 5 While graphite can intercalate lithium and be used as the negative electrode in LIBs, it does not intercalate sodium to a significant degree. Hard carbons may be used as anodes in sodium systems, 6 but have low densities and are electroactive close to the sodium plating potential, posing safety concerns. Other candidate anode materials include Sn and Sb alloys, which exhibit rapid capacity losses with prolonged cycling due to large volume expansions during sodiation. 7 An alternative set of materials includes intercalation oxides, with layered titanates offering a rich compositional and structural range of materials that can intercalate sodium. [8] [9] [10] [11] [12] [13] In this work we examine several titanates having lepidocrocite-type structures employing electrochemical testing and first-principles density-functional theory (DFT) calculations. The calculations are used to determine kinetic and thermodynamic limitations of these materials for application as anodes in NIBs. The lepidocrocite compounds are isomorphs of the mineral γ-FeOOH, and have the general formula A x Ti 2−y M y O4 where A=K, Rb, Cs; and M = Li, Mg, Co, Fe, Ni, Cu, etc; with additional compounds possible by ion exchanging the A cation with lighter elements such as Na. [14] [15] [16] [17] [18] [19] The structures form as stepped layered materials with a step size of one, with the corrugated layers either arranged in phase with one another or out of phase, corresponding to a shift of half a unit cell in the a direction. Structures with the space group Cmcm (C-type) and P mmm (P-type), which are relevant to this discussion are shown in Figure 1 . Although there are several other symmetries possible for lepidocrocite titanates, depending on factors such as the site occupancies in the interlayer spaces, they are not considered here. Previous experimental work on the A 0.8 Ti 1.73 Li 0.27 O 4 (A=K, Na) system indicated that both C-type and P-type structures can be produced, depending upon the identity of A and the thermal treatment, with the highest stable cycling capacities of 150 mAh/g observed for the P-type sodiated version in unoptimized sodium half cells. 12, 20 Cell performance for these systems was highly dependent on details of the electrode and materials fabrication, such as the type of binder used and post-processing steps such as carbon coating.
In the current work we employ first-principles DFT calculations with the aim of decou-
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Figure 1: Sodium titanium lepidocrocite structure with P-type and C-type symmetry. The blue and green shaded polygons represent edge sharing octahedra for Ti and Li, respectively. The yellow spheres represents some of the possible sodium atoms in the pristine structure.
pling cell-engineering effects from fundamental materials properties. The first-principles calculations performed were for the materials having idealized stoichiometries of Na 
Methods

DFT Simulations
First-principles calculations were performed using the Vienna ab initio simulation package (VASP), employing the Generalized Gradient Approximation (GGA) due to Perdew, Burke, and Ernzerhof (PBE). 21 The simulations were carried out using the projector augmented wave (PAW) method, These corrections were included after finding that they were needed to stabilize the C type symmetry at higher sodium contents, consistent with experimental findings. The van der Waals correction employed was the so-called DFT-D2 method due to Grimme as implemented in VASP. 25 Hubbard-U corrections were included employing the method due to Dudarev et al., 26 with a value of U-J=4.0 eV for Ti d electrons, based on literature values reported for other layered titanates. 27 Calculations of electrochemical potentials were performed utilizing standard methods described in the literature. 7, 28 To calculate the diffusion energy barriers the climbing-image nudge elastic band (CI-NEB) method was used. [29] [30] [31] [32] [33] In the CI-NEB calculations, initial and final configurations were selected from sampling sodium positions at different interstitial sites in the structure. The minimum energy paths were calculated from linear interpolation of initial and final position using at least 5 images in the CI-NEB calculations.
Material Synthesis
The anode materials Na 0. 
Electrochemical Testing
The electrochemical properties of the compounds were evaluated in two-electrode 2032 coin cells containing metallic sodium foils as negative electrodes (half-cells). For this, bulk dry sodium (Sigma Aldrich) was extruded into thin foils and cut to size to make sodium anodes for these cells. For the positive electrodes, active material and acetylene black were first mixed together for 2 hours at 300 rpm in a planetary mill. Composite working electrodes were 7 
Results and Discussion
Prior to performing DFT calculations, the possible specific capacities for different lepidocrocite structures were calculated based solely on compositional and structural considerations. Figure 2 shows the relationship between composition and theoretical specific capacity for the A Fig. 3 , the P-type symmetry is calculated to have a higher intercalation potential and capacity than the C-type structure, with an additional 0.25-0.50 mols of Na per formula unit, or approximately 40-80 mAh/g, expected for the P-type structure. These results confirm that neither P-type or C-type can reach the maximum specific capacity based on reduction of all the Ti. However, the results also indicate that only the P-type structure can approach the theoretical values for site limitations shown in Figure 2a , because the C-type structure becomes less stable at higher sodium contents due to higher electrostatic repulsions between intercalated sodium ions.
Further analysis of the calculated results indicate a deviation from the experimental lattice parameters obtained during sodiation, as well as the predicted specific capacities. For an anhydrous P-type structure our calculations underestimate volume expansion by approximately 9% and overestimate the capacity by 37% (192 mAh/g vs 140 mAh/g). This discrepancy can be attributed to the model structure used in these calculations, which ignored com-10 plications from a cooperative solvent co-insertion mechanism observed by Shirpour et al.
12
Evidence from ex-situ X-ray diffraction experiments performed on P-type Na 0. indicated that neutral species (water or solvent) were de-inserted concomitant with sodium intercalation during discharge, with the reverse process occurring during charge. For the portion of the electrode that was anhydrous, there was an expansion along the b lattice parameter during sodiation, with additional expansion occurring during the desodiation. The fully sodiated products of both the hydrated and anhydrous portion of the electrodes were identical.
To investigate the impact of interstitial water on capacity and structural changes we further refined our calculations by modeling the P-type structure including interstitial water according to Na Figure 4 , indicate that the predicted capacity of the material decreases with increasing solvent content, as there are fewer electrostatically stable sites for sodium insertion.
However, this is only true if the neutral species are not displaced by sodium during discharge.
The cooperative displacement mechanism is unlikely to be completely efficient, presenting one possibility for the discrepancies found between the experimental and computational results for the capacity, because theoretically this material should be able to accommodate 11 more sodium intercalation than is observed in the actual half-cell experiments.
Further evidence that the material is susceptible to a cooperative solvent uptake is obtained by analyzing the changes to the lattice parameters during sodiation. Figure 5a , shows the changes to the b lattice parameter during sodiation for P-type lepidocrocite titanates with water content ranging from n = 0 to 0.375 mols per formula unit. As can be seen the b lattice parameter contracts during sodium insertion, following similar behavior to the experimental results for the solvated samples. For comparison, the b lattice parameter is also plotted in ing water content from n = 0 to 1.25 mols per formula unit. The results shows a steady increase in the lattice parameter upon desodiation similar to that found experimentally for the dehydrated sample. These results support the conclusion that sodium ions and solvent molecules interchange during cycling. In the previous work by Shirpour et al. 12 interlayer charge density was established as an important parameter for predicting such behavior, and
given that the results obtained herein are consistent, future material selection and testing should consider this susceptibility to solvent uptake as a possible reason for materials failing to deliver their theoretical capacities.
In order to further understand the sodium intercalation mechanism in lepidocrocite-type 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 than those determined for the P-type Li containing compound. By calculating the structural changes for both lithium and magnesium containing compounds with the same stoichiometry, we found that at higher sodium contents, the lithium is predicted to drop from octahedral positions in the metal oxide layer into adjacent tetrahedral positions. An analogous process is not predicted to occur for the magnesium containing compound (i.e., Mg is predicted to be less mobile). Employing nudge elastic band calculations we found that lithium has a 0.29 eV energy barrier to jump from the titanium 4c site to a vacant sodium 8a site in the C-type lepidocrocite, while in the P-type structure lithium had an energy barrier of 0.42 eV and magnesium had an energy barrier of 0.71 eV. Because the lithium ions have energy barriers comparable to those calculated for intercalating sodium, it is likely they can diffuse out of their sites in the transition metal layer during either the ion exchange process or the sodiation process that occurs upon cycling. From a practical perspective, the differences in energy barriers suggest that the greater lithium mobility can facilitate higher sodium insertion by enabling Li to leave its initial site in the host structure during discharge, thus reducing internal stress and electrostatic interactions between sodium.
The lower capacity predicted for magnesium substituted materials was verified experimentally by synthesizing two different compositions, Na 0. and testing them in a Na half cell. The XRD patterns for the two compositions are shown in Fig. 3S in the supplemental information; the results are consistent with nearly phase-pure lepidocrocite structures, with small traces of impurities arising from the ion-exchange process. Fig. 8 shows electrochemical cycling data for both compositions. With the exception of the first cycle discharge capacity, both tested compositions achieved lower capacities than those previously reported by Shirpour et al. 12 for the Li containing lepidocrocite titanate.
Due to the low potentials at which these compounds discharge, side reactions due to irreversible reduction of electrolyte and formation of a solid electrolyte interface (SEI) contribute capacity to the first discharge. The second discharge is therefore a more accurate reflection of the true capacities of these materials. Given that the material synthesis, cell fabrication, 15 and testing were comparable for the two types of materials, this verifies the information presented in Figure 6 , that the Mg-containing titanates will have lower capacities than the Li-containing one. This is significant particularly for the Na 0. should be fewer site limitations due to the lower sodium content in the pristine material. Figure 9 : a) Shows the two types of minimum energy paths consider for sodium diffusion, parallel refers to sodium movement along corrugation in the c direction, and across refers to sodium diffusion perpendicular to corrugation along the a direction. b) Shows the energy barriers for sodium diffusion at different sodium concentration for the the P-type and C-type lithium substituted phases, and the P-type magnesium substituted phase.
Lastly, we examined the energy barriers for sodium diffusion in the P-type and C-type structures containing lithium and the P-type structure containing Mg with the stoichiometry Na 0.75 Ti 1.75 Mg 0.25 O 4 . Energy barriers were calculated parallel to the corrugation along the a lattice direction and perpendicular to the corrugations along the c direction for the different configurations available at each sodium concentration. Fig. 9b shows that the P-type and C-type structures exhibit slightly different behaviors that translate to different cycling properties. The calculated values for different sodium concentrations in the P-type structure reveal a wide spread at lower concentrations that narrows with increasing sodium content.
The results suggest that there is a strong correlation for sodium diffusion with electrostatic repulsion from other sodium cations, since the larger energy barriers are generated when there are non-diffusing sodium cations nearby. This implies that the P-type materials have strong kinetic dependences on the state-of-charge, regardless of the identity of the substituent (Li 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 or Mg). Furthermore, analysis of the spread of energy barriers for each phase reveals possible dependence on the charge/discharge rates. For the P-type material, the availability of more interstitial sites with different local electrostatic environments results in a broader spread of diffusion paths for either across or parallel jump types. Because the low energy barrier paths are only accessible when the sodium ions are spread out more homogeneously, fast current rates can result in the formation of local concentration gradients that force sodium to diffuse across higher energy paths. Evidence supporting this hypothesis is provided in Figure 10 , which shows electrochemical cycling of Na half cells with the material Na 0.8 Ti 1.73 Li0.27O 4 employing different current rates. This material was synthesized and tested previously by
Shirpour et al. 12 The data indicates that cells cycled with currents rates of 0.2 mA/cm 2 (67.5 mA/g) deliver less than half the capacity than cells with 0.04 mA/cm 2 (13.5 mA/g).
The slower current rate allows the material to deliver initial higher capacities that permit a higher number cycles before delivering equal discharge capacities. In these structures as the sodium content increases and the material becomes more electrostatically homogenous, there is less variance in the energy barriers with the direction, with an average value of 0.4 eV predicted for these materials when standard electrode slurries are used to fabricate cells. However, the lowest energy barriers were available for parallel 17 diffusion when there were no other sodium ions nearby suggesting that the material would exhibit anisotropic conduction similar to 1D diffusion materials. This is predicted to be the case for the C-type structure, which as can be seen in Fig. 9b does not have the spread in energy barriers that the P-type material does. Because this material has fewer symmetrically distinct sites for Na intercalation, its diffusion paths are more clearly defined with noticeable anisotropic behavior. The bright green and dark blue triangles indicate diffusion barriers that are parallel or across the corrugation, respectively. As can be seen the barriers follow almost linear behavior with the sodium content, suggesting state-of-charge is also important for this phase. However, from these results it appears that fast 1-dimensional diffusion is possible parallel to the corrugations, with energy barriers ranging from 0.06 to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 materials.
Conclusions
Using first-principles calculations coupled with experimental measurements, we have ex- A comparison between materials containing Li and Mg in the transition metal layers indicates that the former should have superior capacity because of the mobility of lithium ions, which can move out of the transition metal sites into sodium sites and relax strain.
Calculations of the energy barriers for sodium diffusion indicate that the P-type structures can be rate-limited due to strong electrostatic interactions between intercalated sodium ions.
The calculated energy barriers ranged from 0.1 eV to 1.3 eV before sodium intercalation and narrowed to 0.3 eV to 0.5 eV after 0.75 mols/f.u. of sodium had been intercalated. However, lower energy barriers (0.06 to 0.3 eV) were predicted for the C-type structure, with possible fast diffusion along channels parallel to the corrugations that would result in rate capability superior to that of the P-type structure. The combined findings suggest that these materials 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 can benefit from smaller particle sizes that can facilitate diffusion along fast channels that can reduce large concentration gradients and make fully accessible fast 1D pathways.
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